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Ten outbreaks of a new serogroup C meningococcal disease emerged during 2003–2005 in China. The multilocus sequence typing results
indicated that unique sequence type 4821 clone meningococci were responsible for these outbreaks. Herein, we determined the entire genomic
DNA sequence of serogroup C isolate 053442, which belongs to ST-4821. Comparison of 053442 gene contents with other meningococcal
genomes shows that they have similar characteristics, including thousands of repetitive elements and simple sequence repeats, numerous phase-
variable genes, and similar virulence-related factors. However, many strain-specific regions were found in each genome. We also present the
results of a genomic comparison of 28 ST-4821 complex isolates that were isolated from different serogroups using comparative genomic
hybridization analysis. Genome comparison between the newly emerged hyperinvasive isolates belonging to different serogroups will further our
understanding of their respective pathogenetic mechanisms.
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inantly found in the human nasopharynx, is a major cause of
bacterial meningitis and septicemia worldwide [1]. However,
the frequency of the disease varies by geographic area. Most
cases of meningococcal disease are caused by serogroups A
(menA), B (menB), and C (menC), though there are at least 13
serogroups. Whereas menB and menC are responsible for most
cases in Europe and America, infections with menA and menC
predominate in Africa and Asia [1]. In China, meningococcal
meningitis is a serious problem. Nationwide epidemics have
occurred cyclically every 8 to 10 years, with peaks in 1959,
1967, 1977, and 1984. Based on a national survey, menA strains⁎ Corresponding author. Fax: +86 10 67877736.
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doi:10.1016/j.ygeno.2007.10.004were responsible for over 95% of the cases, while menB and
menC strains were the cause mainly of sporadic cases [2].
However, a sudden increase in the number of meningitis
patients due to menC occurred during 2003–2005 in Anhui
Province, China. Multilocus sequence typing (MLST) results
indicated that the unique sequence type (ST) 4821 clone me-
ningococci, a new hypervirulent lineage, were responsible for
the menC meningitis outbreaks [3]. Most menC meningococci
identified in North America, Europe, and Africa belong to the
ST-11 complex/ET-37 clonal complex, which is known to cause
both endemic and pandemic disease in different parts of the
world. A nationwide survey showed that, during 2003–2005,
ST-4821 was the predominant genotype, accounting for 75% of
the menC genotypes found in 12 provinces of China [4].
Comparing the porAVR types of the isolates showed that ST-
4821 isolates with P1.7-2, 14 were involved in six outbreaks
that occurred in Anhui Province.
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a model organism that deals with the exclusively human host
environment by having a small but hyperdynamic genome [5].
N. meningitidis is one of the most variable bacterial species that
colonize the human host. This is reflected by the fact that over
6100 STs, which belong to 43 complexes (http://pubmlst.org/
neisseria/), have been identified by MLST. MLST results show
that almost all cases of meningococcal meningitis are caused by
a limited number of strains, which are referred to as hyper-
invasive lineages [6]. At the same time this paper was being
prepared, the genome sequence of menC isolate FAM18 was
published [7]. Nevertheless, we felt it necessary to sequence the
whole genome of the menC isolate 053442, a unique ST-4821
isolate with P1.7-2, 14 (porA VR type), which was isolated
from the cerebrospinal fluid of a patient in Anhui Province,
China. Genome information of menC 053442 can help us
obtain answers concerning the genetic composition of ST-4821,
the newly emerged hyperinvasive lineage. The genome se-
quence was compared with those of three meningococci, menA
Z2491 [8], menB MC58 [9], and menC FAM18 [7], which also
provided an opportunity to define a common backbone of
genes that may be responsible for the colonization and spread
among members of the human host. Herein, we also present the
results of a genomic comparison of 28 ST-4821 complex
isolates that were isolated from different serogroups using
comparative genomic hybridization (CGH) analysis. This paper
provides important clues that are helpful to understand the
genome composition and genetic background of different
serogroup isolates and possess significant meaning to the study
of the newly emerged hyperinvasive lineage.
Results and discussion
General features of the menC 053442 genome
The complete genome sequence of menC 053442 (GenBank
Accession No. CP000381) was obtained by the random
shotgun sequencing strategy. The primary features of the
menC 053442 genome are summarized in Table 1 and shown
graphically in Fig. 1. The circular chromosome consists ofTable 1
General features of N. meningitidis 053442 compared with those of Z2491 [8], MC
053342 Z2491
General information
Serogroup C A
Serotype PorB3 PorB3
Sequence type 4821 4
Clonal complex ST-4821 complex ST-4 complex/ subg
Chromosome
Total length (bp) 2,153,416 2,184,406
Total No. of ORFs 2,051 2,050
Percentage of CDS (%) 80.1 79.9
G+ C content (%) 51.7 51.8
No. of ribosomal RNAs (16S/23S/5S) 4 4
No. of transfer RNAs 59 582,153,416 bp, the smallest one among four meningococcal
genomes, with an overall G+ C content of 51.7% and contains
2051 open reading frames (ORFs; Supplementary Table S1).
There are four copies of a 16S–23S–5S ribosomal RNA
operon and 59 tRNAs with specificity for all 20 amino acids.
All rRNA operons of menC 053442 fall in approximately the
same loci as those of Z2491, MC58, and FAM18. All of the
aminoacyl transfer RNA synthetases are present except tRNA-
Asn. The average gene length is 840 bp, at a density of 1 per
1.02 kb. The overall coding density is 80.1%, which is similar
to those of Z2491 and FAM18. Eighteen core N. meningitidis-
specific genes identified recently are all present in 053442 [10].
Apart from fruK and pfkA, the genome encodes other enzymes
for glycolysis. The genome also encodes complete sets of
enzymes for gluconeogenesis and the pyruvate dehydrogenase
complex.
N. meningitidis is naturally transformable. Transformation
involves multiple steps, including DNA uptake, processing, and
chromosomal integration. Genome analysis shows that the
genes specifically involved in type IV pili (Tfp) biogenesis are
present in menC 053442. Tfp not only participate in adhesion to
host cells, but also are involved in competence for DNA trans-
formation, the formation of bacterial aggregates, and a form of
surface translocation known as twitching motility [11,12].
Several genes required for competence in N. meningitidis are
also present in menC 053442 [13]. The meningococcal genome
is characterized by frequent recombination events and consid-
erable plasticity, largely due to natural competence for trans-
formation [14]. Recombination in meningococci is believed
to be frequent compared with mutation [15]. This important
human pathogen has many types and thousands of repetitive
elements that are scattered throughout the genome, and many
of these repetitive elements appear to be involved in genome
fluidity and antigenic variation. The most abundant repetitive
element (~1900 copies) is the Neisseria DNA uptake se-
quence, a 10-bp-long motif spread throughout three genomes
that mediates the specific recognition and uptake of DNA from
the environment [16], at a density of 1 per ~1.2 kb. Small
insertion sequences (~100–150 bp in length), also known as
Correia elements, are all members of a single, abundant family58 [9], and FAM18 [7]
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Fig. 1. Circular representation of the N. meningitidis isolate 053442 genome.
The outer scale is marked every 200 kb. Circles range from 1 (outer circle) to
8 (inner circle). Circles 1 and 2, ORFs encoded by leading and lagging strands,
respectively, with color code for functions: salmon, translation, ribosomal
structure, and biogenesis; light blue, transcription; cyan, DNA replication,
recombination, and repair; turquoise, cell division; deep pink, posttranslational
modification, protein turnover, and chaperones; olive drab, cell envelope bio-
genesis; purple, cell motility and secretion; forest green, inorganic ion transport
and metabolism; magenta, signal transduction; red, energy production; sienna,
carbohydrate transport and metabolism; yellow, amino acid transport; orange,
nucleotide transport and metabolism; gold, coenzyme transport and metabolism;
dark blue, lipid metabolism; blue, secondary metabolites, transport, and cata-
bolism; gray, general function prediction only; black, function unclassified or
unknown. Circle 3, distribution of pseudogenes. Circles 4, distribution of in-
sertion elements. Circles 5 and 6, G+ C content and GC skew (G − C/G+ C),
respectively, with a window size of 10 kb. Circles 7 and 8, distribution of tRNA
genes and rrn operons, respectively. The replication origin and terminus are
indicated.
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[17]. There are more than 200 copies of Correia elements
(including full-length elements and internal deletion elements)
in each N. meningitidis genome. However, there are only 110
copies of Correia elements in N. gonorrhoeae FA1090.
The proteins that are secreted by pathogenic bacteria are
often essential virulence factors. Based on the genome com-
parison, three pathways appear to be present among the me-
ningococci: the autotransporter-, the two partner-, and the type
I-secretion mechanisms [18]. There were eight autotransporter-
encoding genes identified in the meningococcal genomes; two
are absent in menC 053442 (autB and nadA). A previous study
showed that NadA was a novel vaccine candidate for
N. meningitidis and involved in adhesion to host tissues [19].
In addition, the nadA gene segregates differently in the
population of strains isolated from healthy individuals and in
the population of strains isolated from patients [20]. Sequence
analysis showed that nadA is present in menB MC58 and menCFAM18 and absent in menA Z2491. This may provide clues for
vaccine design in the future.
Horizontal gene transfer
Lateral transfer of DNA between species is often associated
with the evolution of pathogenicity [21]. DNA sequences that
are introduced through horizontal transfer to a bacterial genome
retain the sequence characteristics of the donor genome and thus
can be distinguished from ancestral DNA [22]. Horizontal gene
transfer has been documented between different Neisseria spe-
cies [23,24]. There are eight identified islands and prophages in
other meningococci (MuMenB/PNM2, PNM1, IHT-A, IHT-B,
IHT-C, IHT-D, IHT-E, and “meningococcal disease-associated
island”) [8–10,25,26]. Of these, two are present in 053442.
IHT-A (NMCC_0073 to NMCC_0082) contains the genes of
the serogroup C capsulation cluster and 2 conserved hypothet-
ical proteins, which produce a serogroup-C-specific sugar resi-
due in the capsular polysaccharide. Meningococcal disease-
associated island, or the Nf filamentous prophage [26,27]
(NMCC_0148 to NMCC_0156), was found to be adjacent to a
tRNA-Met gene (Fig. 2A). Previous reports showed that the
prophage used dRS3 repeats located within larger repeat arrays
called NIMEs [8] for integration via nonhomologous recombi-
nation by the action of a phage-encoded transposase/recombi-
nase [26,27]. Therefore, in contrast to canonical pathogenicity
islands no tRNA locus is required for integration. Whether the
prophage was inserted into this site by chance or whether it is
characteristic of ST-4821 remains to be elucidated. In menC
053442, the G+ C content of the genome is variable. In addition
to the two regions described above, six major regions of atypical
nucleotide composition were identified; these have been de-
signated as putative meningococcal islands of horizontally
transferred DNA (IHTs) (Supplementary Table S2). IHT-F
(NMCC_0441 to NMCC_0460), the largest region of A+ T-rich
DNA (over 21.4 kb), contains two disrupted ORFs with simi-
larity to a secreted protein and a hemagglutinin/hemolysin-
related protein, a hemolysin activation protein, and 15 conserved
hypothetical proteins and is flanked by one disrupted copy of
IS1016C. IHT-G (NMCC_0593 to NMCC_0613) contains 2
adhesin proteins, a ribonuclease inhibitor barstar, and 18 con-
served hypothetical proteins and is adjacent to a tRNA-Pro gene
and, thus, forms a “meningococcal pathogenicity island-like
region” (Fig. 2B). Genome comparison shows that menA Z2491
and menB MC58 contain only a partial IHT-G. Whether IHT-G
is a pathogenicity island needs to be further investigated. IHT-H
(NMCC_0813 to NMCC_0821) contains a bacteriocin resis-
tance protein, a membrane protein, and 7 conserved hypothetical
proteins. IHT-I (NMCC_0848 to NMCC_0853) contains a fim-
brial protein, a type IV pilus assembly protein, a type IV pilin-
related protein, 2 membrane proteins, and a conserved hypo-
thetical protein. IHT-J (NMCC_1768 to NMCC_1779) contains
an iron-regulated protein FrpC, an FrpC operon protein, and 10
conserved hypothetical proteins. IHT-K (NMCC_2068 to
NMCC_2084) contains 2 adhesin proteins, 3 adhesin-related
proteins, and 10 conserved hypothetical proteins. It is worth
noting that several regions contain virulence-related genes. As
Fig. 2. Structures of two putative meningococcal islands of horizontally transferred DNA (“meningococcal disease-associated island” and IHT-G) in the
N. meningitidis isolate 053442 genome. (A) Meningococcal disease-associated island (pivNM-1B to NMCC_0156) is adjacent to a tRNA-Met gene. (B) IHT-G
(NMCC_0593 to NMCC_0613) is adjacent to a tRNA-Pro gene. The ORFs are color-coded for functions: gray, function classified; black, function unclassified or
unknown. A gray triangle indicates the dot is annotated as a tRNA gene.
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also have a significantly deviating G+ C content [28]. So further
analysis needs to be done to validate these new findings.
Genome structure comparison of menA Z2491, menB MC58,
and menC 053442
Genome comparison between the different clonal isolates,
especially the hyperinvasive isolates belonging to different
lineages, will further our understanding of the pathogenetic
mechanisms involved in meningococcal infections. It is worth
noting that most cases of meningococcal disease are caused by
serogroups A, B, and C, and the three meningococcal isolates
studied in this report are all hyperinvasive isolates belonging to
different lineages. Several important meningococcus genome
analysis projects were performed previously [5,8,9,29–31]. Our
result shows that the genome of menC 053442 shares a common
backbone sequence of ~2.0 Mb with menA Z2491 and menB
MC58. The colinearity is broken by several segments of menC-,
menA-, and menB-specific regions and several inversions and
translocations (see Fig. 3A and Supplementary Table S3 for the
details). The architecture of the menC 053442 genome is similar
to that of menA Z2491 but the overall colinearity is broken by
three translocations and inversions involving DNA segments
larger than 5 kb (IV-1, IV-2, and Trans). IV-1 contains the
meningococcal capsule-synthesis gene cluster. IV-2 contains the
IHT-K described above, two adhesin proteins, and other
proteins. Trans contains phosphoribosylamine–glycine ligase,
electron transfer flavoprotein, pyrazinamidase/nicotinamidase,
and other proteins. There are three inversions and translocations
compared with the menB MC58 sequences; all involve a DNA
segment larger than 5 kb (IV-3, IV-4, and IV-5). Both IV-3 and
IV-5 are larger than 300 kb. Most of the specific ORFs of the
three genomes are conserved hypothetical proteins. So function
analysis of these ORFs will assist achieving the goal of de-coding the differences among these isolates as well as enhanc-
ing our understanding of N. meningitidis.
Comparison with menC FAM18
At the same time this paper was being prepared, the genome
sequence of N. meningitidis serogroup C isolate FAM18 was
published [7] under EMBL Accession No. AM421808. FAM18
is an important representative of the ET-37/ST-11 complex,
which is known to have caused both endemic and pandemic
disease worldwide throughout the past century. This strain was
isolated in North Carolina, USA, in the 1980s, providing an
interesting genome of the same serogroup but geographically
and temporally separated from menC 053442. We compared the
genome sequences and annotated features with those of menC
053442. The genome of strain FAM18 is 2,194,961 bp, 41.5 kb
larger than 053442. The architecture of the menC 053442 ge-
nome is similar to that of menC FAM18. However, the genome
of 053442 shows rearrangements relative to strain FAM18.
Regions of two translocations and inversions involving DNA
segments larger than 5 kb (IV-6 and IV-7) are centered in an X
pattern around the terminus of replication (Fig. 3B). Both IV-6
and IV-7 are larger than 180 kb (Supplementary Table S3).
Previous genome comparison among Z2491, MC58, and
FAM18 showed that one inversion event closest to the origin
of replication seems to be due to recombination between repeat
arrays in Z2191. As a result, in MC58 and FAM18, pilC2 is
adjacent to pilTU, while in Z2491 they are distant [7]. In
053442, pilC2 is adjacent to pilTU too.
The total length of specific regions in 053442 is ~80 kb,
containing 29 regions larger than 1 kb. Among these, ~27 kb are
also 053442-specific regions among four sequenced meningo-
cocci genomes. A CGH study showed that 2 053442-specific
regions (regions 1 and 2) were present in all ST-4821 isolates
(see below for details) and absent from 22 non-ST-4821 isolates
Fig. 3. Comparison of the genome of N. meningitidis 053442 with those of N. meningitidis Z2491, MC58, and FAM18. Each marker length denotes 300 kb for genome
comparisons. Color code denotes maximal length of the paired segments: red, N10 kb; blue, 5–10 kb; cyan, 1–5 kb. The inversion is abbreviated to IV, while the
translocation is abbreviated to Trans. (A) N. meningitidis 053442, Z2491, and MC58. (B) N. meningitidis 053442 and FAM18.
82 J. Peng et al. / Genomics 91 (2008) 78–87[32]. Region 1 harbors a putative stress-sensitive restriction
system gene and 2 NgoVII restriction/modification genes.
Region 2 includes 2 putative ATP-binding genes, a conserved
hypothetical gene, and a cytosine-specific DNA methylase
gene. As well, the total length of specific regions in FAM18 is
~110 kb, containing 31 regions larger than 1 kb. The major
FAM18-specific region is IHT-E [7]. A genome comparison
shows that there are 60 unique genes in FAM18 [7]. Among
these, only 6 are present in menC 053442. The significance of
the differences between the two isolates remains unclear.
Simple sequence repeats and phase-variation genes
Simple sequence repeats (SSRs), which consist of multiple
contiguous repeat units, are present in the DNA of many or-
ganisms whose genomes have been sequenced to date [33,34].
By using a computer-based screen of the genome sequence, we
found large numbers of SSRs scattered throughout the genome
of menC 053442 (Supplementary Table S4). The total number
of SSRs, with a unit length of 1–9 bp, was 137,902, which
accounted for 22.9% of the chromosome. There were no SSRsconsisting of 8 nucleotides in the chromosome. The mono-, di-,
and trinucleotide SSRs are the most common SSRs in the menC
053442 genome. More SSRs were found in the coding regions
than in the intergenic regions. Analysis of the other three
meningococcal genomes showed that MC58 and FAM18 are
similar to 053442. However, the total number of SSRs was
157,396 in Z2491, which accounted for 25.2% of the chro-
mosome. The huge number of SSRs found in the four me-
ningococcal genomes indicates that these isolates have an
enormous potential for generating genomic and phenotypic
diversity. Hypermutability within these sequences may play a
major role in the generation of functional genetic diversity in
pathogens exposed to fluctuating or hostile environments [34].
One of the functions proposed for SSRs is that the loss or gain
of repeats can affect the integrity of ORFs and can result in phase
variation [35]. Many bacterial species use phase variation as a
strategy to provide a large repertoire of phenotypes that can
adapt to varied environments and evade host immune systems.
Phase variation in general refers to a reversible switch between
“on” and “off” expressing phases, which results in variation in
the level of expression of one or more proteins among individual
Table 2
Repertoire of phase-variable genes in the N. meningitidis 053442
Gene Annotated function NMCC Repeat tract a
opa Opacity protein NMCC_0868, NMCC_1378,
NMCC_1536, NMCC_1704
(CTTCT) c
opc Class 5 outer membrane protein NMCC_0968 (C) p
porA Outer membrane protein NMCC_1338 (T)C(G) or (T)GC(G) p
pilC Pilin biogenesis protein NMCC_0049, NMCC_0375 (G) & (G) c
pglA Pilin glycosylation protein NMCC_1927 (G) c
pglE Pilin glycosylation protein NMCC_0572 (CAAACAA) or (CAAACAC) c
pglG Pilin glycosylation protein NMCC_0408 (C) c
pglH Pilin glycosylation protein NMCC_0409 (C) c
dca Division cell wall protein NMCC_1729 (G) c
lgtA Acto-N-neotetraose biosynthesis glycosyl transferase NMCC_0289 (G) c
siaD Capsule biosynthesis protein NMCC_0075 (C) c
hmbR Hemoglobin receptor NMCC_1579 (G) c
frpB Iron-regulated outer membrane protein NMCC_0216 (C) p
Putative restriction system methylase NMCC_1288 (GCCA) c
vapA Virulence-associated protein NMCC_1832 (AAGC) c
Putative acetyltransferase NMCC_0165 (G) c
wbpC Putative lipopolysaccharide biosynthesis NMCC_0386 (G) c
Putative glycosyl transferase NMCC_1138 (G) c
lbpA Lactoferrin-binding protein A NMCC_1452 (G) c
hsdS Type I restriction enzyme S protein NMCC_0792 (G) c
aspA Putative serotype-1-specific antigen NMCC_0244 (C) c
Putative lipoprotein NMCC_0033 (A) p
Putative hydrolase NMCC_0041 (C) c
Hypothetical protein NMCC_1412 (AAGC) c
Hypothetical protein NMCC_1775 (A) c
Hypothetical protein NMCC_0442/NMCC_0443 (A) p
Hypothetical protein NMCC_0073 (T) c
Hypothetical protein NMCC_0327 (TTCC) c
nifS Aminotransferase NMCC_1293 (C) c
pntA NAD(P) transhydrogenase α subunit NMCC_0923 (C) p
Modification methylase NlaIV NMCC_1162 (A) c
rplK 50S ribosomal protein L11 NMCC_2017 (C) c
plsX Fatty acid-phospholipid synthesis protein NMCC_0307 (TTCC) c
Prolyl oligopeptidase family protein NMCC_0344 (G) c
potD2 Spermidine/putrescine ABC transporter NMCC_0571 (C) c
lldD L-Lactate dehydrogenase NMCC_1290 (G) c
dnaX DNA polymerase III, subunits γ and ô NMCC_1354 (C) c
ppx Exopolyphosphatase NMCC_1380 (C) c
amiC N-acetylmuramoyl-L-alanine amidase NMCC_1687 (C) c
Hypothetical protein NMCC_0401 (C) c
Hypothetical protein NMCC_0539 (C) c
Hypothetical protein NMCC_1145 (C) & (T)c
Hypothetical protein NMCC_1185 (AGCA) c
Hypothetical protein NMCC_1242 (C) c
Hypothetical protein NMCC_1765 (C) c
Cytosine-specific DNA methylase NMCC_1094 b (A) c
ilvA Threonine dehydratase biosynthetic NMCC_0840 b (G) c
surE 5′-Nucleotidase NMCC_1395 b (C) c
Glutamyl-tRNA synthetase-related protein NMCC_1793 b (C) c
dinG Probable ATP-dependent helicase NMCC_1858 b (C) c
pglB2 Pilin glycosylation protein NMCC_0406 b (A) c
Hypothetical protein NMCC_0599 b (A) c
Hypothetical protein NMCC_0600 b (A) c
Hypothetical protein NMCC_1090 b (T) c
Hypothetical protein NMCC_1355 b (C) c
Hypothetical protein NMCC_1523 b (C) c
a The simple sequence repeat that makes up the known or potential phase-variable repeat tract. The repeated base or bases are in parentheses. When more than one
repeat tract is present in the gene, these are designated with “&”. When different bases make up the repeat when it is present, the alternative repeats are shown, these are
designated with “or.” Following the sequence a “c” indicates that the repeat is in the coding region and a “p” indicates that the repeat is in the promoter, or predicted
promoter, region.
b Newly identified putative phase-variable genes (dinG and pglB2 were also identified as putative phase-variable genes recently [7]).
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84 J. Peng et al. / Genomics 91 (2008) 78–87cells of a clonal population [36]. In Neisseria spp., phase
variation has been the focus of much study. This interest has
been fuelled by the availability of the complete Neisseria
genome sequences. Whole genome sequence analysis increased
the sensitivity of these searches and provided additional con-
textual information that facilitates the interpretation of the
functional consequences of repeat instability [37]. Previous
research shows that phase variation is consistently associated
with reversible changes within SSRs located in coding or
promoter regions of genes (including the genes involved in the
biosynthesis of surface antigens). There are 54, 59, 58, and 72
phase-variable gene candidates in Z2491, MC58, FAM18, and
FA1090, respectively [7]. Whole genome sequence analysis
and genome comparison identified 60 putative candidate
genes (including 4 opa genes) in menC isolate 053442 (Table 2);
11 of these were newly identified in this study. Five of
these are hypothetical proteins: NMCC_0599, NMCC_0600,
NMCC_1090, NMCC_1355, and NMCC_1523. The other 6
genes are ilvA, surE, dinG, pglB2, NMCC_1094, and
NMCC_1793 (dinG and pglB2 were also identified as putative
phase-variation genes recently [7]). Our new findings extend the
pool of putative phase-variation genes. Since previous research
suggested the limitations of relying solely upon length polymor-
phism analysis for confirming the phase variability of genes,
further biological experiments need to be done to validate these
new findings [38].Table 3
Neisseria meningitidis isolates used in comparative genomic hybridization analysis
Isolate Year of isolation Province Source
A373 2005 Jiangxi Carrier
A008 2005 Beijing Carrier
B012 2005 Shandong Carrier
B014 2005 Shandong Carrier
B020 2005 Beijing Carrier
B039 2005 Jiangxi Carrier
B062 1980 Henan Carrier
B064 1980 Jiangxi Carrier
B078 2005 Sichuan Carrier
B085 1986 Liaoning Carrier
B113 1980 Jiangxi Carrier
B135 1977 Shanghai Patient
B162 2000 Guangdong Patient
B165 1985 Hebei Carrier
053442 2004 Anhui Patient
C2 2005 Anhui Carrier
C52 2004 Beijing Patient
C55 1980 Henan Carrier
C57 2002 Guangxi Patient
C58 1979 Jiangxi Carrier
C73 2005 Jiangsu Patient
C87 2005 Beijing Carrier
C90 2005 Guangdong Carrier
C100 2005 Zhejiang Patient
C78005 1978 Shanxi Carrier
O2 2005 Sichuan Carrier
O3 2005 Sichuan Carrier
O4 2005 Sichuan Carrier
a CSF, cerebrospinal fluid.
b ST, sequence type.CGH result
A nationwide survey showed that ST-4821 complex isolates
were from serogroups A (X. Zhang et al., submitted for pub-
lication), B (L. Yang et al., submitted for publication), C [4], and
other serogroups [39] in China. The 28 isolates studied here
contain 17 different STs and 16 porAVR types, and there are 12
(20 isolates) porAVR types that belong to the P1.20, 23 family
(see Table 3 for details). The isolates comprised 21 throat swab
samples from healthy subjects and 7 samples of cerebrospinal
fluid from patients. Meningococcal disease-associated island
was found to exist in almost all ST-4821 complex isolates in this
study. Previous research showed that this prophage was menin-
gococcal disease related and present in many disease-associated
isolates [26]. The fact that most of the isolates contained the
newly identified meningococcal prophage reconfirmed the im-
portance of the prophage in meningococcal pathogenesis. The
CGH result showed that IHT-F, IHT-G, IHT-H, and IHT-K were
conserved in all ST-4821 isolates, whereas IHT-I and IHT-J
were partly absent in some ST-4821 isolates. Two 053442-
specific regions (regions 1 and 2) were present in all ST-4821
isolates and absent from some non-ST-4821 isolates.
The result that there were no obvious differences among the
isolates from patients and healthy carriers in genome compo-
sition indicated that there were many potential factors that might
be involved in meningococcal virulence mechanisms, such asSite a Serogroup STb porAVR type
Throat swab A 4821 P1.20, 23-7
Throat swab B 5664 P1.20, 23-1
Throat swab B 3200 P1.20, 14
Throat swab B 3436 P1.20-3, 23-14
Throat swab B 5614 P1.20-3, 23
Throat swab B 5618 P1.20-4, 23-2
Throat swab B 4821 P1.20, 23-1
Throat swab B 5632 P1.20-3, 23-7
Throat swab B 5584 P1.20, 23-16
Throat swab B 5638 P1.20, 23-9
Throat swab B 5648 P1.7-2, 14
CSF B 3436 P1.20-3, 23-9
CSF B 5664 P1.20, 23-7
Throat swab B 4821 P1.20, 23
CSF C 4821 P1.7-2, 14
Throat swab C 4820 P1.7-2, 14
CSF C 4821 P1.12-1, 16-8
Throat swab C 4821 P1.20, 23-7
CSF C 4831 P1.20-3, 23
Throat swab C 5081 P1.20, 23-2
CSF C 4820 P1.7-2, 14
Throat swab C 4832 P1.20, 23-1
Throat swab C 4833 P1.18, 25
CSF C 4896 P1.12-1, 16-8
Throat swab C 4980 P1.20, 23-7
Throat swab K 5584 P1.20, 23-12
Throat swab I 5584 P1.20, 23-12
Throat swab H 5584 P1.20, 23-12
85J. Peng et al. / Genomics 91 (2008) 78–87human susceptibility, environmental factors, social factors, co-
infections, and so on [40]. The fact that some non-ST-4821
isolates were different from ST-4821 isolates to some extent
would help us to analyze the differences among isolates be-
longing to different STs on the genomic scale. In addition,
isolates with the same sequence type had similar genomic
content profiles although they belong to different serogroups;
this result demonstrated congruence between the DNA array
technique and the clonal complexes defined by MLST.
Conclusions
The genome information of menC 053442 can help us obtain
answers concerning the genetic composition of ST-4821, the
newly emerged hyperinvasive lineage. A genome comparison
among four meningococcal isolates indicates the presence of
similar genetic bases for colonization and spread among mem-
bers of the human host and similar meningococcal virulence
mechanisms among the different serogroups. Genome compar-
ison between the newly emerged hyperinvasive isolates belong-
ing to different serogroups will further our understanding of
their respective pathogenetic mechanisms involved in menin-
gococcal infections and help us adopt special measures to pre-
vent meningitis.
Methods
Bacterial strains
In this study, 28 ST-4821 complex isolates were chosen from isolates that
have been studied by MLST and porA VR typing in previous studies. MenC
isolate 053442, which was isolated from the cerebrospinal fluid of a patient
during an outbreak of meningococcal disease in Anhui Province, was selected to
be sequenced. Strain isolation was done according to the previous report [3].
Species identification was carried out by Gram staining, latex agglutination tests
(Immunological Agglutination Tests Slidex; bioMérieux), and biochemical tests.
Serogroups were determined by slide agglutination with commercial antisera.
The meningococcal isolates were revived from storage in brain heart infusion
broth with 10% glycerol by plating on heated blood Mueller–Hinton agar. The
growth obtained from the surface of a single petri dish after overnight incubation
in an atmosphere of 5% CO2 was used to prepare an opaque cell suspension in
1 ml of deionized water. Meningococcal DNAwas extracted by using a Wizard
Genomic DNA Purification Kit (Promega) from 100 μl of cell suspension.
Sequencing and analysis
The genome sequence was determined by using the whole-genome shotgun
approach as described previously [41], and ABI 3730 automated sequencers
were used for sequence collection. Three genome libraries were constructed
from randomly sheared genomic DNA, 1–3, 3–6, and N6 kb in size. The ratio of
the three libraries was 3:2:1 in number. Sequences were processed with Phred
and assembled into contigs using the Phrap assembly tool [42]. Gap closure was
accomplished through a primer-walking plasmid template and direct sequencing
of combinatorial PCR products. To solve problems with misassembled regions
caused by repetitive sequences and to close remaining sequence gaps, PCR-
based techniques and primer walking with recombinant plasmids were used.
Their relationships were rebuilt manually based on paired-end reads location
information using Consed [43]. Approximately 850–1000 sequencing reads
were generated for primer walking of large clones or for PCR amplicons during
the finishing phase for the genome. To verify the final assembly, we designed
overlapping primer pairs covering the whole genome sequence using genomic
DNA as a template for PCR amplifications. For the genome, we generated over28,560 paired-end shotgun reads with estimated sevenfold coverage. The
genome annotations were performed as described previously [41], and the
output was verified and edited manually using criteria such as the presence of a
ribosome binding site, GC frame plot analysis, and similarity to known protein-
encoding sequences. Putative orthologues were identified by reciprocal-best-
match FASTA searches between the meningococcal strains Z2491, MC58, and
053442 protein sequences, with cutoffs of 80% sequence length and 30%
identity. Moreover, GenomeComp was used for genomic comparison with
default parameters [44], and the KEGG database was used for the metabolic
pathways analysis [45]. We used IslandPath to screen the whole genome for
regions of atypical nucleotide composition [46]. Furthermore, we used a DNA
sequence analysis software [47] to screen the entire genome for SSRs, which are
homopolymeric tracts, with motif lengths up to 10 bp. The minimal repeat
number was empirically chosen as 3 to avoid stochastic occurrences. The
repetitive elements analyses were performed as described previously [16,48].
The criterion for the selection of phase-varied genes was based on the previous
study [37].
CGH analysis
To compare the genome compositions of ST-4821 complex isolates from
different serogroups, we performed CGH analysis among 28 N. meningitidis
isolates using an updated version of the whole-genome microarray of menC
isolate 053442 (Table 3). Microarray fabrication, probe preparation, hybridiza-
tion, and data analysis were performed as described previously [32,49]. The
microarray data have been deposited in the Gene Expression Omnibus (GEO)
database under Accession No. GSE 7780.
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